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(54) Chiller with hybrid falling film evaporator 

(57) A vapor compression refrigeration system for 
cooling a liquid in which there is a spray dispenser (82) 
for distributing liquid refrigerant over the tubes (54) in a 
shell-and-tube type evaporator (50). The differential 
pressure in the refrigerant flow loop across the evapo- 
rator (50) is the sole means of producing a flow through 
the spray dispenser (82). The evaporator (50) is oper- 
ated as a hybrid falling film heat exchanger, that is, in a 



semi-flooded condition. The lower portion of the evapo- 
rator shell (52) is flooded with liquid refrigerant to wet 
the lower tubes (68) in the tube bundle while the tubes 
in the upper portion (72) are wetted only by refrigerant 
spray from the spray dispenser (82). The system is op- 
erated in a steady state condition whereby at least twen- 
ty-five percent (25%) of the tubes (54) in the evaporator 
(50) operate in a flooded heat transfer mode. 
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Description 

This invention relates generally to systems for cool- 
ing a fluid. More particularly, the invention relates to a 
vapor compression refrigeration system for cooling a liq- 
uid such as water in which the evaporator of the system 
has a section that operates in a flooded mode and a sec- 
tion that operates in a falling film mode. 

Vapor compression refrigeration systems for cool- 
ing water commonly referred to as "chillers' are widely 
used in air conditioning applications. Such systems 
have large cooling capacities, usually 350 kilowatts (100 
tons) or greater and are used to cool large structures 
such as office buildings, large stores and ships. In a typ- 
ical application employing a chiller, the system includes 
a closed chilled water flow loop that circulates water 
from the evaporator of the chiller to a number of air-to- 
water heat exchangers located in the space or spaces 
to be cooled. Another application for a chiller is as a 
process cooler for liquids in industrial applications. Fig- 
ure 1 illustrates the general arrangement of atypical pri- 
or art chiller 1 0. In chiller 1 0, refrigerant flows in a closed 
loop from a compressor 12 to a condenser 14, to an ex- 
pansion device 1 6, to an evaporator 1 8 and thence back 
to the compressor 12. In the condenser 14 the refriger- 
ant is cooled by transfer heating to a fluid flowing in heat 
exchange relationship with the refrigerant. This fluid is 
typically a cooling fluid such as water supplied from a 
source 20. In the evaporatol 18 water from a loop gen- 
erally designated 22 flows in heat exchange relationship 
to the refrigerant and is cooled by transferring heat to 
the refrigerant. 

The evaporator of a chiller is typically a heat ex- 
changer of the shell-and-tube type. A shell and tube heat 
exchanger comprises generally the outer shell in which 
are enclosed a plurality of tubes, termed a tube bundle. 
The liquid to be cooled, such as water, flows through the 
tube bundle. The energy required for boiling is obtained 
as heat from the water flowing through the tubes. When 
heat is removed the chilled water may then be used for 
air conditioning or for process liquid cooling. It is accord- 
ingly a prime objective of chiller design to optimize the 
heat exchange which takes place within the evaporator 
shell. 

In general, the rate of heat transfer between a sur- 
face and a substance in a liquid state is much greater 
than the rate of heat transfer between the surface and 
the same substance in a gaseous state. For this reason, 
it is important for effective and efficient heat transfer per- 
formance to keep the tubes in a chiller evaporator cov- 
ered, or wetted, with liquid refrigerant during operation 
of the chiller. Most prior art chiller evaporators accom- 
plish the objective of keeping the tubes wetted by oper- 
ating the evaporator in what is known as a "flooded 
mode". In a flooded mode the level of liquid refrigerant 
in the evaporator shell is sufficiently high so that all of 
the tubes are below the level of liquid refrigerant. Figure 
2 schematically illustrates a chiller 24 operating in a 



flooded condition wherein all of the tubes are below the 
refrigerant level 28. While operation of a chiller in a 
flooded condition ensures that all of the tubes are wet- 
ted, it also requires a relatively large amount of refriger- 

$ ant, especially in large capacity chillers. If the cost of 
refrigerant is low, this consideration is of little signifi- 
cance, however, as the cost increases, the amount of 
refrigerant required can become a significant cost factor. 
The cost is reflected not only in the initial cost of the 

io refrigerant charge required for the chiller, but also in 
maintenance and replacement costs over the chiller's 
lifetime. 

New refrigerants have recently been introduced for 
use in such chillers to replace chlorinated refrigerants 

'5 which are no longer used because they have been found 
to deplete the atmospheric ozone layer. Such new re- 
frigerants are significantly more expensive than those 
which they have replaced. As a result, reducing the 
amount of refrigerant needed to charge a chiller's sys- 

20 tern can result not only in significant dollar savings, but 
also assists in satisfying the needs to produce more en- 
vironmentally friendly products. 

One approach to making use of a smaller refrigerant 
charge has been to use what is known as a "falling film" 

25 evaporator. The concept of a falling film evaporator is 
premised on the fact that heat transfer between a refrig- 
erant and an external surface of a tube is primarily by 
convection and conduction, and that adequate heat 
transfer performance can be obtained not only by sub- 

30 merging the tube in a pool of liquid refrigerant but also 
by maintaining a continuously replenished film of liquid 
on the external surface of the tube. Accordingly, rather 
than wetting the tubes by submerging them in liquid re- 
frigerant, the amount of refrigerant charge required in 

35 the chiller may be reduced by installing a means for dis- 
pensing a flow of liquid refrigerant over the tubes. The 
refrigerant flow keeps the surface of the tubes wet with 
a film of liquid refrigerant so that the heat transfer effi- 
ciency of the evaporator is maintained without the ne- 

40 cessity of keeping the entire tube bundle flooded with 
liquid refrigerant. Such a flow may be attained by spray- 
ing liquid refrigerant on to the upper tubes in the evap- 
orator tube bundle. The refrigerant then covers the up- 
per tubes and drains down to the lower tubes below it 

45 by gravity flow. It is for this reason that such a heat ex- 
changer is called a "falling film" evaporator. It is extreme- 
ly important in a falling film evaporator that there be a 
sufficient flow of liquid refrigerant over the tube bundle 
so that all of refrigerant does not evaporate at the upper 

so levels thereby leaving the lowest tubes unwetted and 
thereby incapable of affecting heat transfer. 

One factor affecting the ability of a liquid to wet a 
surface is the liquid's surface tension. In general, the 
lower the surface tension, the better a liquid's ability to 

55 wet the surface. Water, for example, has a relatively high 
surface tension and therefore is a relatively poor wetting 
agent. Some of the refrigerants now in wide spread use 
have very low surface tensions, that is, less than thirty 
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dynes per centimeter at 26.6 Celsius, and thus good 
wetting ability. Examples of such refrigerants include R- 
134A, R-410A, R-407C, R-404 and R-123. 

It has been found with falling film evaporators, par- 
ticularly when using refrigerants having a relatively high s 
surface tension, that it may not be possible to achieve 
good heat transfer efficiency at an acceptable cost when 
the rate of refrigerant being dispensed on the tubes is 
equal to the total flow rate of refrigerant through the 
evaporator. The term re-circulation ratio is used to com- 
pare the ratio of the dispensed refrigerant flow rate to 
the total flow rate through the evaporator. When these 
flows are equal, the circulation ratio is said to equal one. 
In order to produce a sufficient flow of liquid refrigerant 
over the tubes in a falling film evaporator, a well known 
method in the prior art is to include a mechanical pump 
to re-circulate the refrigerant within the evaporator shell. 
Figure 3 schematically illustrates a falling film type evap- 
orator 30 in a chiller system 32. In contrast to the flooded 
evaporator illustrated in Figure 2, it is noted that the re- 
frigerant flowing from the expansion device 16 flows via 
a supply line 35 into the evaporator shell 36 to a dis- 
pensing device commonly known as a spray deck 38 
overlying the upper most level of tubes 40. A re-circula- 
tion circuit including a re-circulating pump 42 draws liq- 
uid refrigerant from the bottom of the evaporator shell 
through line 44 and delivers it through line 46 to the sup- 
ply line 35 where it is again distributed through the spray 
deck 38. The re-circulation system thus ensures that 
there is an adequate flow through the spray deck 38 to 
keep the tubes wetted. 

In such a falling film evaporator system, all the tubes 
may be maintained in a wetted condition with the level 
48 of the pool of liquid refrigerant in the evaporator be- 
low the lowest tube in the tube bundle. In order to ensure 
that all the tubes in the bundle are wetted, the re-circu- 
lation ratio (the ratio of spray deck flow rate to the total 
flow rate through the evaporator) may be on the order 
of ten to one. Because the evaporator can operate effi- 
ciently without the tubes being flooded, the amount of 
refrigerant necessary to charge such a system can be 
correspondingly reduced when compared to a system 
having an evaporator that operates in a flooded condi- 
tion. It has been found however that the added cost of 
the re-circulation system, particularly the pump, may ne- 
gate any savings realized by using less refrigerant. Ob- 
vious drawbacks to the need for a pump include in- 
creased costs, lower reliability and higher maintenance 
costs. Less obvious, but extremely significant, are the 
increased parasitic power consumption and reduced net 
materials utilization in a chiller requiring a recirculation 
pump. Specifically, if a pump is used to ensure complete 
wetting in a falling film evaporator, the parasitic power 
consumption translates to an approximately 1% - 2% in- 
crease in the chiller power consumption; this is consid- 
ered to be a significant increase in today's high efficien- 
cy chiller market, and a definite disadvantage from the 
global warming perspective. 



It is an object of the present invention to provide a 
chiller system with a portion of the system evaporator 
operating in a falling film mode and a portion operating 
in a flooded mode. 

It is another object of the invention to operate a com- 
bined falling film/flooded evaporator without a re-circu- 
lation system. 

It is yet another object of the invention to operate a 
two pass evaporator with the first pass operating in a 
flooded mode and the second operating in a falling film 
mode. 

It is still another object of the invention to provide a 
two pass evaporator for a chiller system wherein the 
heat transfer tubes in the first pass are re-entrant cavity 
type heat transfer tubes and those in the second pass 
are condenser type heat transfer tubes. 

It is further object of the invention to provide a two 
pass evaporator with the first pass operating in a flooded 
mode and the second pass operating in a falling film 
mode and wherein a single tube type provides optimum 
heat transfer in both modes. 

These and other objects of the present invention are 
attained by a vapor compression refrigeration system 
for cooling a liquid which includes a compressor, con- 
denser, expansion device and evaporator, all intercon- 
nected in series to form a closed refrigerant flow loop 
for circulating a refrigerant therethrough. The evapora- 
tor of the system includes an outer shell having an upper 
end and a lower end and a refrigerant inlet and outlet 
formed therein. The evaporator further includes a plu- 
rality of substantially horizontal heat transler tubes con- 
tained within the outer shell. At least a portion of the heat 
transler tubes are adjacent the upper end of the shell 
and at least a portion of the tubes are adjacent the lower 
end of the shell. The tubes are adapted to have the liquid 
to be cooled flowed therethrough. The evaporator also 
includes means for receiving refrigerant passing to the 
outer shell through the refrigerant inlet and for dispens- 
ing the refrigerant onto the heat transfer tubes located 
adjacent the upper end of the outer shell. The closed 
refrigerant flow loop of the refrigeration system is con- 
figured so that the level of liquid refrigerant within the 
outer shell is maintained at a level such that at least 
twenty-five percent (25%) of the horizontal tubes are im- 
mersed in liquid refrigerant during steady state opera- 
tion of the refrigeration system. The norizontal tubes, 
which are not immersed in liquid refrigerant, operate in 
a falling film heat transfer mode. During such steady 
state operation, the rate of refrigerant flow through the 
means for dispensing is no greater than the total rate of 
refrigerant flow from the refrigerant inlet to the refriger- 
ant outlet. 

In a preferred embodiment, the evaporator is of the 
type wherein the liquid to be cooled makes two passes 
through the outer shell. A first pass is through a first 
group of horizontal heat transfer tubes adjacent the low- 
er end of the shell and a second pass is through a sec- 
ond group of horizontal tubes. 
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Other objects and advantages of the present inven- 
tion will be apparent from the following detailed descrip- 
tion in conjunction with the accompanying drawings, 
wherein like reference numerals identify like elements, 
and in which: & 

Figure 1 is a schematic diagram of a prior art chiller 
system; 

Figure 2 is a schematic diagram of a portion of a 
prior art chiller system having a flooded evaporator; 

Figure 3 is a schematic diagram of a portion of a 
prior art chiller system having a falling film evapo- 
rator; 

Figure 4 is a schematic diagram of a chiller system 
having a hybrid falling film/flooded evaporator ac- 
cording to the present invention; and 

Figure 5 is a simplified section of the hybrid falling 
film/flooded evaporator of the type illustrated in Fig- 
ure 4. 

Figure 4 schematically illustrates a chiller 10 incor- 
porating a hybrid falling film/flooded evaporator 50 ac- 
cording to the present invention. The chiller 10 incorpo- 
rates a standard closed refrigerant flow loop wherein re- 
frigerant flows from a compressor 1 2 to a condenser 1 4 
to an expansion device 16 to the evaporator 50 and 
thence back to the compressor 1 2. 

The evaporator 50 includes an outer shell 52 
through which passes a plurality of horizontal heat trans- 
fer tubes 54 in a tube bundle. With further reference to 
Figure 5, in the illustrated embodiment, the evaporator 
is of the two pass type having a water box 56 at one end 
thereof, having a partition 58 which divides it into an inlet 
section 60 and an outlet section 62, respectively com- 
municating with a water inlet 64 and outlet 66. Water 
passing through the inlet 64 to the inlet section 60 flows 
through a first group ol tubes 68 adjacent the lower end 
of the evaporator shell 50 to the opposite end 70 where 
it reverses direction and is returned through a second 
group of tubes 72, adjacent the upper end of the shell, 
to the outlet section 62 of the water box 56 where it is 
directed out ol the water box through the outlet conduit 
66. As is well known, if desired, more than two passes 
of the water through the shell 52 may be obtained by 
using more partitions dividing the tubes into several dis- 
tinct, interconnected groups. 

In operation, refrigerant enters the outer shell 52 of 
the evaporator 50 through a refrigerant inlet 74 in a pri- 
marily liquid state and exits from the evaporator shell 
through a refrigerant outlet 76 in a primarily gaseous 
state. 

As illustrated in both Figures 4 and 5, the relrigerant 
entering the evaporator through the inlet 74 via inlet con- 
duit 78 passes to a distribution system 80, which is ar- 



ranged in overlying relationship with the upper most lev- 
el of the second group of tubes 72. The distribution sys- 
tem comprises an array of spray heads or nozzles 82, 
which are arranged above the upper most level of tubes 
so that all refrigerant which passes into the evaporator 
shell is suitably dispensed or is sprayed onto the top of 
the tubes. 

In steady state operation, the charge of refrigerant 
within the system 1 0 and the overall design of the closed 
refrigerant flow loop is configured so that the level 51 of 
liquid refrigerant within the outer shell 52 is maintained 
at a level such that at least twenty-five percent (25%) of 
the horizontal heat transfer tubes near the lower end of 
the shell are immersed in liquid refrigerant. 

As a result, during such steady state operation, the 
evaporator 50 operates with tubes in the lower section 
of the evaporator operating in a flooded heat transfer 
mode while those which are not immersed in liquid re- 
frigerant operate in a falling film heat transfer mode. 

In a high efficiency evaporator, it is extremely im- 
portant that all heat transfer tubes are sufficiently wetted 
at all times to effect optimum heat transfer from all tubes. 
In order to achieve this result, a falling film/flooded evap- 
orator, according to the present invention, shall operate 
with between twenty-five percent (25%) and seventy- 
five percent (75%) of the horizontal heat transfer tubes 
immersed in liquid refrigerant during steady state oper- 
ation of the refrigeration system. In a preferred embod- 
iment, the system is designed such that approximately 
fifty percent (50%) of the horizontal heat transfer tubes 
are immersed in liquid refrigerant during steady state 
operation of the refrigeration system. 

While the hybrid evaporator is illustrated and has 
been described in connection with a bottom-to-top pass 
arrangement, it could also be applied to a side-by-side 
arrangement. In such an arrangement, entering hot wa- 
ter passes through one side of the tube bundle and rel- 
atively cold water passes through the other side of the 
tube bundle. 

In yet another preferred embodiment of the inven- 
tion, the evaporator 50 is of the type described above 
wherein the liquid to be cooled makes two passes 
through the outer shell 52. In this embodiment, the first 
or lower group of tubes 68 are what are known as re- 
entrant cavity type heat transfer tubes, which are well 
known for their high performance in flooded type evap- 
orators. An example of such re-entrant cavity tube is a 
Turbo B1-3, commercially available from the Woiverine 
Tube Company. The second or upper group of heat 
transfer tubes 72, in this embodiment, are of the type 
generally designed for use in condenser applications 
and may specifically be of the "Spike type condenser 
tube" type commercially available from the Wolverine 
Tube Company as Turbo C1 or C2 heat transfer tubes. 

As will be seen, the use of the different types of heat 
transfer tubes in the upper and lower sections allows 
both the flooded and falling film sections of the evapo- 
rator to achieve high heat transfer coefficients. It should 
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be further appreciated however that the ultimate goal is 
optimizing heat transfer in both the falling film and flood- 
ed evaporator sections. The tubes need not be different. 
This goal could be realized with a single tube that pro- 
vides optimum heat transfer in both modes. 

The benefits of the described arrangement are par- 
ticularly beneficial when used with a two-pass bottom - 
to-top type evaporator. In order to fully appreciate such 
benefits, it should first be understood that in a typical 
two pass evaporator, the temperature of the water en- 
tering at the inlet 64 may be approximately 54 degrees 
F, this water is cooled to approximately 47 to 48 degrees 
F at the end of the first pass 70 and then may be cooled 
several additional degrees to approximately 44 degrees 
F where it passes from the evaporator at the outlet 66. 
Accordingly, the temperature of the water passing 
through the tubes is relatively high in the lower or pool 
boiling section, while it is relatively low in the upper or 
falling film heat transfer section. 

With this in mind, the benefits of the present em- 
bodiment may be explained in the following manner. 
Pool boiling coefficients are approximately proportional 
to the square of wall super-heat (AT WG ), defined as the 
difference between the tube wall temperature and the 
saturation temperature of the refrigerant. On the contra- 
ry, falling film evaporation coefficients are approximately 
inversely proportional to the fourth root of wall super- 
heat. Thus, in the first water pass of an evaporator hav- 
ing a bottom-to-top pass arrangement, the wall super- 
heat is relatively high which results in high nucleate boil- 
ing coefficients. However, assuming a flooded evapora- 
tor and the same type of heat transfer tubes in the sec- 
ond pass, nucleate boiling coefficients can reduce by a 
factor of three to four in the second pass where the wall's 
super-heat become small as the tube-side fluid be- 
comes relatively cold. In a typical high efficiency chiller, 
the difference between water temperature and refriger- 
ant saturation temperature may be of the order of 12 
degrees F, where water enters the heat exchanger and 
it may be as low as 1 to 2 degrees F, where water exits 
the heat exchanger. Accordingly, as the temperature dif- 
ference becomes small, as they are in the second pass, 
falling-film heat transfer coefficients become higherthan 
pool boiling coefficients. This is especially true if appro- 
priate heat transfer surfaces are employed in both the 
water passes as in the present embodiment. 

It should thus be appreciated that according to the 
present invention, a heat exchanger is operated without 
any refrigerant recirculation pump in a manner to 
achieve and take advantage of high heat transfer coef- 
ficients in both pool boiling and falling film evaporation 
modes. 



Claims 

1. A vapor compression refrigeration system for cool- 
ing a liquid including a compressor, a condenser, an 



expansion device, and an evaporator, all of which 
are connected together in series to form a closed 
refrigerant flow loop for circulating a refrigerant 
therethrough, said evaporator comprising: 

5 

an outer shell having an upper end and a lower 
end, said shell having a refrigerant inlet and a 
refrigerant outlet therein; 
a plurality of substantially horizontal heat trans- 
it fer tubes contained within said outer shell, at 
least a portion of said tubes being adjacent the 
upper end of said shell and at least a portion of 
said tubes being adjacent the lower end of said 
shell, said tubes being adapted to have a liquid 
is to be cooled flowed therethrough; and 

means lor receiving refrigerant passing to said 
outer shell through said refrigerant inlet and for 
dispensing refrigerant onto to said heat transfer 
tubes located adjacent said upper end of said 
20 outer shell; 

and wherein said closed refrigerant flow loop is 
configured so that the level of liquid refrigerant 
within said outer shell is maintained at a level 
such that at least twenty-five percent (25%) of 
2S said horizontal tubes are immersed in liquid re- 

frigerant during steady state operation of said 
refrigeration system. 

2. The system of claim 1 wherein said closed refriger- 
30 ant flow loop is further configured so that the rate of 
refrigerant flow through said means for dispensing 
is no greater than the total rate of refrigerant flow 
from said refrigerant inlet to said refrigerant outlet. 

OS 3. The system of claim 1 wherein said horizontal 
tubes, which are not immersed in liquid refrigerant, 
operate in a falling film heat transfer mode during 
steady state operation of said refrigeration system. 

40 4. The system of claim 1 wherein preferably approxi- 
mately fifty percent (50%) of said horizontal tubes 
are immersed in liquid refrigerant during steady 
state operation of said refrigeration system. 

45 5. The system of claim 3 wherein said portion of heat 
transfer tubes adjacent the upper end of said shell 
are condenser type heat transfer tubes, and, where- 
in said portion of heat transfer tubes adjacent the 
lower end of said shell are re-entrant cavity type 

50 heat transfer tubes. 

6. The system of claim 3 wherein said portion of heat 
transfer tubes adjacent the upper end of said shell 
and said portion of heat transfer tubes adjacent the 

55 lower end of said shell are the same type of tube. 

7. The system of claim 1 wherein said evaporator is of 
the type wherein said liquid to be cooled makes two 
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passes through said outer shell, a first pass through 
a tirst group ot said horizontal heat transfer tubes 
adjacent said lower end of said shell in which said 
liquid is reduced in temperature from an inlet tem- 
perature to an intermediate temperature, and a sec- $ 
ond pass through a second group of said horizontal 
heat transfer tubes, overlying said first group of 
tubes, in which said liquid is further reduced in tem- 
perature from said intermediate temperature to a 
lower outlet temperature. 10 
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ABSTRACT : 

CHG DATE=19990617 STATUS=0> A vapor compression 
refrigeration system for 

cooling a liquid in which there is a spray dispenser (82) 
for distributing 

liquid refrigerant over the tubes (54) in a shell -and- tube 
type evaporator 

(50) . The differential pressure in the refrigerant flow 
loop across the 

evaporator (50) is the sole means of producing a flow 
through the spray 
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dispenser (82) . The evaporator (50) is operated as a 
hybrid falling film heat 

exchanger, that is, in a semi-flooded condition. The lower 
portion of the 

evaporator shell (52) is flooded with liquid refrigerant to 
wet the lower tubes 

(68) in the tube bundle while the tubes in the upper 
portion (72) are wetted 

only by refrigerant spray from the spray dispenser (82) . 
The system is 

operated in a steady state condition whereby at least 
twenty- five percent (25%) 

of the tubes (54) in the evaporator (50) operate in a 
flooded heat transfer 
mode . 
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